The goal of this study was to evaluate selected parameters of the Doppler curve of the pericallosal artery at children with hydrocephalus.
INTRODUCTION
Hydrocephalus is characterised by an excessive accumulation of cerebrospinal fl uid, as a result of failure in production, fl ow or absorption of CSF. It may be congenital or acquired.
The CSF accumulation is nearly always accompanied by ventricular enlargement. Elevation an intracranial pressure is in most cases present. Principally it occurs as a hydrodynamic disorder of cerebrospinal fl uid. An exception is so-called "arrested hydrocephalus" which leaks the progressive dilatation of brain ventricles and the negative consequences of hydrocephalus. There is a normal growth curve of head circumference. Stabilisation of a ventricles size is due to alternative pathways of CSF absorption. Lots of factors might disrupt this fragile intracranial equilibrium and induce acute elevation of ICP with hydrocephalus decompensation (infection, fever, mild injury, etc.). Another exception is hydrocephalus ex vacuo, when dilatation of ventricles is caused by atrophy of a brain tissue. There is no increase in ICP.
Pathophysiological changes in progressive pediatric hydrocephalus include: increased intracranial volume, progressive dilatation of ventricles, decreased intracranial compliance, increased intracranial pressure, alteration in brain circulation and secondary brain impairment, such as a hypoperfusion, ischaemia, alteration in metabolism (acidosis, higher lactate concentration, etc.), changes in neurotransmitters, damage to associative pathways, cortex and white matter. Periventricular axons and myelin are primary targets of the injury. Secondary changes in neurons refl ect the stress or ultimately the disconnection of axons 1 . Transcranial Doppler colour coded sonography is noninvasive and a relatively new method that combines imaging of cerebral blood vessels and a brain tissue with the examination intracranial hemodynamics at patient's bedside. It may be used for various indications. The most common clinical applications are: evaluation of the cerebrovascular status in stroke patients, diagnosis of cerebral vasospasm, detection of aneurysms and arteriovenous malformations, indirect detection of cerebral venous thrombosis, monitoring space-occupying brain oedema, that may lead to herniation of brain tissue, intracerebral hemorrhage, mainly in a supratentorial location, intracranial hypertension, hydrocephalus, brain tumors and neurodegenerative diseases, such as Parkinson's or the Huntington's disease [2] [3] [4] [5] [6] . Symptoms of hydrocephalus vary with age, disease progression and individual tolerance to changes in CSF volume. In infancy, the most common clinical signs are: discomfort, lethargy, irritability, drowsiness, increasing head circumference, macrocrania, bulging fontanelle, distension of scalp veins, suture diastasis, swelling of optic disc, downward deviation of the eyes (called "sunsetting" sign), nausea, vomiting, bradycardia, episodes of apnea, recurrent aspiration, respiratory arrest, poor feeding and sucking, problems with balance, poor coordination, slowing or loss of development. However, clinical signs of raised ICP are known to be unreliable and sometimes even misleading.
The aim of this prospective study was to evaluate selected parameters of the Doppler curve of pericallosal artery in children with hydrocephalus to decide whether drainage procedure is needed and to monitor the function of already inserted drainage systems.
MATERIALS AND METHODS
In our study we focused on evaluation of the brain circulation in children with hydrocephalus by means of transcranial colour coded Doppler sonography.
The patients were divided into two groups. The group 1 comprised 6 patients (5 boys and 1 girl) with an average age of 215 days. Included were patients before drainage procedure into this group. The aetiology of hydrocephalus in this group was as follows: congenital (n = 5), posthaemorrhagic (n = 1) and postinfectious (n = 2). In some cases the aetiology was combined. The type of hydrocephalus: three ventricles dilatation (n = 4), four ventricles dilatation (n = 1), cystic schizencephaly (n = 1). Surgical treatment included: insertion of ventriculo-peritoneal shunt (n = 3), endoscopic ventriculostomy (n = 2) and a revision of malfunctioning ventriculo-peritoneal shunt (n = 1). Group 2 consisted of 6 patients (5 boys and 1 girl) with an average age 246 days. This group comprised patients without the need for CSF drainage or with an already inserted functioning drainage system. The aetiology of hydrocephalus in this group was as follows: congenital (n = 5), posthaemorrhagic (n = 1) and postinfectious (n = 2). In some cases the aetiology was combined. The type of hydrocephalus: three ventricles dilatation (n = 4), four ventricles dilatation (n = 2). The surgical treatment: no need for CSF drainage (n = 4), a well-functioning ventriculo-peritoneal shunt without the need for shunt revision (n = 2).
All patients underwent the ground neurological evaluation where clinical signs of intracranial hypertension were observed. The other part of examination was an ultrasonographical morphometry of a brain (width of cerebral ventricles). The transcranial colour coded Doppler sonography was used for assessment of haemodynamic parameters of brain circulation using the anterior fontanelle as an acoustic window. TCCD was performed on the device ALOKA with 5MHz transducer. Parameters were examined from the pericallosal branch on the anterior cerebral artery, in its vertical course anterior to the genu corporis callosi. The examination was performed with light contact of transducer on the anterior fontanelle (baseline parameters) and with its compression (pressure provocation test). The following parameters were measured: peak systolic fl ow velocity (PSFV), end-diastolic fl ow velocity (EDFV) and resistive index (RI, Pourcelot index), that is obtained by dividing the diff erence between the peak systolic fl ow velocity and end-diastolic fl ow velocity by peak systolic fl ow velocity: RI = (PSFV -EDFV) / PSFV. All parameters were measured both, with only light contact of transducer with anterior fontanelle and during compression of fontanelle -pressure provocation test.
Extracranial factors that might aff ect shape and characteristics of Doppler curve were assessed, such as: body temperature, haematocrit, haemoglobin, blood gases, condition of the child during examination, presence of congenital developmental defects of heart and major blood vessels.
Informed consent from all mothers of investigated newborns and children was obtained. The study protocol was approved by the Ethics Committee of the Jessenius Faculty of Medicine, Comenius University in Martin, Slovakia.
RESULTS
Through the use of ultrasonography we collected and compared results in both groups. One pursued parameter was width of cerebral ventricles -both lateral and third ventricle. There are obviously bigger width parameters in the group 1 (Table 1) .
Other compared parameters acquired through the use of TCCD were parameters of the Doppler curve of pericallosal artery in both groups. The measurement was performed without any pressure (baseline parameters) and during compression of the anterior fontanelle (pressure provocation test). PSFV was higher in the group 1 and did not change after fontanelle compression. EDFV was decreased in the group 1 in comparison with group 2 where EDFV had normal values. RI was higher in the group 1 and this increase was move pronounced after fontanelle compression. There was no change in the group 2 in RI after compression of the anterior fontanelle (Table 2 in Doppler curve: mainly decreased end-diastolic velocity of cerebral blood fl ow and increased RI. The mean cerebral blood fl ow is mainly determined from the diastolic fl ow. As ICP rises, the arterial fl ow is more aff ected during the diastole than during the systole, resulting in an increase in RI 7 . The results of a study published by Taylor (1996) show that the change in RI during fontanelle compression is a better predictor of ICP than is the RI value obtained without the fontanelle compression, and that this technique can be used to monitor the eff ectiveness of surgical therapies in children with hydrocephalus 8 . The relationship between ICP and haemodynamic parameters of brain vessels on the Doppler curve, notably the RI, is of a complex nature and is therefore expected to be nonlinear. In addition, many factors, apart from ICP may infl uence the RI of right intracranial vasculature, such as an age, physical and mental activity, manipulation and examination of the patient, body temperature, metabolic activity, functionality of brain autoregulation, PaO2, PaCO2, pH, morphological changes in vessels and brain tissue, cardiac output, heart rate, cerebral vascular resistance, the presence of patent ductus arteriosus, cerebral perfusion pressure, blood viscosity, systemic blood pressure, use of vasoactive medications 9 . In pediatric hydrocephalus, the rationale for indication of CSF drainage is currently progression of ventricular enlargement on consecutive imaging studies and the presence of clinical signs of increased ICP. The mere presence of ventriculomegaly on ultrasonography, CT or MRI cannot be used as an indication for treatment. When ICP values are normal or only minimally elevated, the risks of drainage (shunt infection, slit ventricle syndrome, subdural hygromas, and further distortion of brain architecture) do not outweigh the benefi ts, and drainage is therefore contraindicated 10 . On the other hand, early obstruction of CSF fl ow, initially may not lead to ventricular dilatation, yet may distort the brain architecture and compromise cerebral perfusion to such an extent brain damage ensues.
The ventricular dilatation without signifi cant rise in ICP may indicate the presence of a new equilibrium between CSF production and resorption (arrested hydrocephalus), and these children probably do not benefi t from the drainage procedure. Parameters of the Doppler curve of the pericallosal artery serve as indication criteria for drainage intervention in children with hydrocephalus as well as good timing predictor for intervention 11 . Another application is in detection of functional disturbance of already inserted drainage system. Early diagnosis allows a proper indication for surgery initially or after development of complications in patients with malfunctioning shunts, thus reducing the chance deterioration cognitive functions 12 .
It is most likely that the increase in blood fl ow velocity refl ects an increase in cerebral blood fl ow in response to reduction in intracranial pressure after CSF drainage. Mean CSF pressure, which is likely to be the same as intracranial pressure, is lower after the drainage procedure 13 .
The lack of specifi city of symptoms of shunt blockage has resulted in a greater reliance on the examination and investigation. Palpation or pumping chamber of valve is unreliable. The brain CT shows enlarged ventricles but a previous scan is required for comparison 14 .
Symptoms of malfunctioning CSF shunt may be easily confused with those of intercurrent illness: headache, vomiting and drowsiness are presenting features of a multitude of childhood illnesses. In patients with malfunctioning shunts changes in Doppler curve of cerebral arteries (increase RI due to decrease in EDFV) are present much earlier than progression dilatation of brain ventricles 15 . The introduction of pressure provocation test of anterior fontanelle to examine CSF storage capacity has lead to greater accuracy of TCCD ultrasonography to separate normal from (borderline) abnormal values 16 . Initially, a change in intracranial volume is off set with volume shifts in other components so that ICP remains essentially unchanged. As the capacity to shift volume is surpassed, further increases in intracranial volume result in elevation of ICP. During graded fontanelle compression in normal infants, cerebrospinal fl uid or a blood can be readily displaced to compensate for the small increase in the volume delivered by the transducer, which results in no increase in ICP. In infants with an abnormal intracranial compliance, however, the increase in intracranial volume with the graded fontanelle compression is translated into a transient increase in ICP and a concomitant decrease in cerebral perfusion pressure 17 . The increase in ICP manifests as increased RI and the decrease in end-diastolic fl ow velocity, sometimes even mild decrease in peak systolic blood fl ow velocity and also the reversed diastolic blood fl ow. ICP is measured indirectly by changes in RI and EDFV as presented also in our study.
CONCLUSIONS
The results of our study show that in children with hydrocephalus before the insertion of the CSF drainage, there is alteration in brain circulation. This can be verifi ed by means of TCCD examination. There are changes on baseline and postcompressive haemodynamic parameters of the Doppler curve of the pericallosal artery, mainly increase in RI and decrease in EDFV.
Transcranial colour-coded Doppler ultrasonography can be used to monitor children with hydrocephalus. It is a useful, noninvasive predictor of elevated ICP and decreased intracranial compliance. It is helpful in the indication and the timing of CSF drainage procedure or predicting the need for a revision operation in malfunctioning shunts. Transcranial colour-coded Doppler ultrasonography currently plays an important role in the surgical decision making in patients referred for CSF drainage procedures. In spite of the common use of various imaging techniques, physical examination remains an inseparable part of the assessment of intracranial dynamics in children with hydrocephalus. Parents who are able to observe subtle changes in the behavior of their child play an important role.
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ABBREVIATIONS
CSF -cerebrospinal fl uid, ICP -intracranial pressure, TCCD -transcranial Doppler colour coded sonography, PSFV -peak systolic fl ow velocity, EDFV -end-diastolic fl ow velocity, RI -resistive index, CT -computed tomography, MRI -magnetic resonance imaging
